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bstract
The continuous rise of energy demand worldwide combined with the decrease of natural resources such as fossil fuel represents
 huge energy problem which facing humanity. Industry as well as consumers must rethink how to produce and use energy at low
ost price. Renewable Energy (RE) applications and energy savings are keys to meet this challenge in a sustainable way. In the hot
nd sunny areas of the Arab countries, renewable sources like solar energy can play a key role, besides their help to reduce the
ercentage of carbon dioxide (CO2) emission to environment, which reduces the global warming. According to, that the renewable
nergy sources such as photovoltaic, wind, biomass have an important role especially when the high new technologies will interfere.
This paper investigates RE sources applications at Yanbu, Saudi Arabia, besides a simulation using HOMER software to three
roposed systems newly erected in Yanbu Industrial College Renewable Energy (RE) lab. The lab represents a hybrid system,
omposed of PV, wind turbine, and Fuel cell systems. The cost of energy is compared in the three systems to have an actual
stimation for RE in developing countries. The climatic variations at Yanbu that is located on the west coast of Saudi Arabia are
onsidered.
 2015 The Authors. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction
Solar and wind energy are the most important sources of renewable energy available in Saudi Arabia. The availability
f sun shine all over the year with solar radiation varies from 4 to 7.5 kwh/m2/day which represents more than five
imes its value in Europe (1 kwh/m2/day) and (1.7 kwh/m2/day in Greece). To get reasonable wind energy sources, a
–8 m/s wind speed is needed which is available in KSA in some sites, such as Yanbu and Dhalm.
Some references (Nassif, 2012; Shaahid and Elhadidy, 2005; Rehman et al., 2003; Alabbadi, 2005; Alawaji,
001) discussed the feasibility of using renewable energy in different areas of KSA, considering different system
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configurations and environmental conditions. Our study will be on Yanbu, which is located on the west coast of Saudi
Arabia. Yanbu has a latitude of 23 59′ and a longitude of 38 13′.
Until 2011, most of electricity in Saudi Arabia was produced by burning oil due to governmental subsidies to maintain
oil price at low coast. The Saudi agency in charge of developing the nations renewable energy sector, KA-CARE (King
Abdalla City for Atomic and Renewable Energy), KAUST (King Abdalla University for Science and Technology),
announced in May 2012 that the nation would install 41 GW of solar capacity by 2032. It is projected to be composed
of 25 GW of solar thermal, and 16 GW of photovoltaics (Nassif, 2012). At the time of this announcement, Saudi Arabia
had only 0.003 GW of installed solar energy capacity. Saudi Arabia’s first solar power plant was commissioned on
October 2, 2011, on Farasan Island, Farasan located southeast of the Red Sea. It is a 500 kW photovoltaic plant and is
expected to generate 864,000 kWh/year.1100 mW of photovoltaics and 900 mW of solar thermal, concentrated solar
power (CSP) is expected to be completed by 2013 (Wikipedia, 2015).
Solar thermal applications is one of the main useful applications of RE. Water heating during winter exhausts a huge
amount of electrical energy, consequently solar water heater must interfere via governmental laws to superimpose this
technique to be utilized.
This paper investigates the life cycle cost analysis for RE hybrid lab of Yanbu Industrial College (YIC). It can be a
model suitable to supply small residential units. If the RE system is near to National electricity grid, grid connected
systems may be used to reduce storage system cost.
2.  Energy  demand  in  Saudi  Arabia
The objective of this study is to investigate the ability of utilizing renewable energy systems to provide the chosen
community with its needs of electricity. These systems will help the community to have better energy efficiency along
with environmental benefits by reducing emissions. At this time, the capacity of generating power in Saudi Arabia
is 46,000 MW. Power demand is growing every year by 3000 MW. This annual growth is very big comparing to
other countries. The investments in power demand for the years between 2009 and 2018 as the experts indicated is
about 1125 billion dollars. In terms of oil usage, Saudi Arabia has used 100 million barrels of oil in 2009 to produce
electricity. More than one quarter of the oil production in Saudi Arabia is consumed by the country itself (Alaidroos
et al., 2012). 53% of the consumed power in Saudi Arabia is by households and most of the power consumption is used
for cooling. This demand of electricity will increase from today’s 46,000 MW to 120,000 MW within 20 years. At this
rate of growth in electricity consumption, the country’s energy and oil consumption will be doubled in a decade. This
will affect the economy in Saudi Arabia very badly in the future because the economy in this country is depending
on oil export revenues. The growth of local consumption will decrease the ability of exporting to the international
markets. In fact, this rate of local energy consumption growth is not a sign of economic development; actually it is
a sign of inefficient use of energy (Alaidroos et al., 2012; Lahn and Stevens, December 2011). The current cost of
conventional electricity production is $0.10/KWh, while the average electricity price is about 0.03 $/kWh (Alaidroos
et al., 2012), which is considered actually low prices. The difference between prices and cost are paid in the form
of government resources. This subsidies is costing Saudi Arabia about $188 billions. However, these low prices are
preventing investments in renewable energy generation and efficiency improvements. Some of RE energy projects in
Saudi Arabia are summarized:
• KACST (King Abdulaziz City for Science and Technology) is building a 30,000 m3/day solar-powered seawater
desalination plant in Al-Kharfji.
• PTC (Polysilicon Technology Company) is building a 7500 tons per year high-quality polysilicon plant in Jubail.
• IDEA Polysilicon Company project in Yanbu to produce 10,000 tons/year polysilicon, 20 million wafers and 19million solar cells per year.
• Saudi Aramco is building a 10 MW photovoltaic solar carport system in the Dhahran office complex.
• Hydrogen gas network to capture hydrogen from industrial processes and purify to yield a 19.4% energy savings
for industrial users.
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sFig. 1. Solar thermal conversion diagram.
.  Solar  and  wind  energy  technologies
Saudi’s solar thermal energy is up to 2550 kwh/m2 per year (twice the average solar irradiation in Europe). Solar
nergy includes two main techniques. They are solar thermal and photovoltaic systems.
.1.  Solar  thermal  technologies
Fig. 1 represents the solar thermal conversion to generate electricity via steam turbine. Efficiency of solar thermal
ystem is limited by 25% due to boundaries of turbine efficiency.
(a) Flat-plate  collector  system  is typically consists of a dark colored, or specially coated, solar heat-absorber plate that
is fitted with a network of copper tubes. The tubes are in a glass-covered (glazed) insulator box. The efficiency of
this technology is around 25%. This system is used in Yanbu Al Siniayah since 25 years ago by Royal Commission
for water heating to reduce electricity bill.
b) Evacuated  tubes  collector  is considered as the development of the previous technology in domestic applications.
Evacuated tubes absorb solar energy and convert it into heat for use in water heating. There are several types of
evacuated tubes used in solar thermal collectors.
Each evacuated tube consists of two glass tubes made from extremely strong glass. The outer tube is transparent and
llows sunlight to pass through with minimal reflection. The inner tube coated with an aluminum nitride coating. This
elective surface is excellent at absorbing solar radiation with minimal reflection losses. The vacuum between the two
ayers eliminates the heat dissipated energy. The evacuated tube absorbs the radiation from the sun and converts it to
eat. Individual evacuated tubes are inserted in to a manifold of 10, 20 or 30 tubes in order to form a complete collector.
 storage insulated tank may be used as energy reservoir. The system efficiency is about 75%. Other technologies such
s parabolic trough and parabolic dish are developed to improve the collector efficiency.
.2.  PV  cell  technologies
PV development is concentrated on PV system optimization and cell fabrication technology to raise the cell efficiency
nd to make cost balance between the different types such as mono-crystalline, polycrystalline amorphous, copper
ndium, cadmium telluride, Gallium arsenide cells and others. There are main types of PV panel crystal technologies
uch as:
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Fig. 2. Different renewable energy cost comparison.•  Monocrystalline solar cells have efficiency between 17% and 18%.
• Polycrystalline Solar cells are the most common type of PV solar panels on the market. They are slightly less efficient
but cheaper (efficiency 13–15%).
• Amorphous solar panels (Thin film) consist of a thin-like film made from molten silicon, which is spread directly
across large plates. This type has lower efficiency than the two previous types. It is the cheapest one (efficiency
6–10%).
• CIGS thin-film PV is a thin-film technology with the biggest potential for efficiency improvement, which may reach
to 19.9% but with high cost for time being.
• High concentrated PV (HCPV) cells in the PV technology with the highest efficiency today and in the future. It is
the highest potential for the lowest level cost of energy in areas with high sun irradiation, such as in the Kingdom.
• Third generation PV (using nanotechnology and organic materials) is covering an array of solar technologies that
are widely regarded as the most promising ones due to its potential for low cost in future.
3.3.  Wind  energy
In Saudi Arabia, the first wind atlas was reported by Rehman et al. (Rehman et al., 2003), presented the statistical
characteristics of wind speed. The analysis showed that the minimum cost (US$ 0.0234) of electricity production was
found for Yanbu (Alabbadi, 2005). The study presents long-term wind data analysis in terms of annual, and seasonal
variations at Yanbu. Most of the wind in Yanbu comes from the south with a speed of up to 8 m/s during certain
durations.
Concerning wind energy components, there are two types of turbines vertical and horizontal axis wind turbines.
Horizontal axis turbine needs a mechanism and/or control system in large scale turbines to be pointed into the wind to
be effective. While vertical axis turbines does not need that, but it is suitable for small scale turbines.
Fig. 2 shows a cost comparison in the form of maximum and minimum estimarions of cost for differnent renewable
energy systems. One can remark that both PV and solar thermal has more or less the same high energy cost. While
wind energy cost is comparable to classical energy generation cost.
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Table 1
Yanbu monthly solar radiation.
Month January February March April May June July August September October November December
Clearance index 0.641 0.638 0.670 0.654 0.648 0.666 0.648 0.629 0.647 0.655 0.640 0.639
Average Radiation (Kwh/m2/day) 4.398 5.076 6.241 6.828 7.147 7.448 7.170 6.674 6.256 5.459 4.536 4.152
Table 2
Yanbu monthly average wind speed.
Month January February March April May June July August September October November December
Wind speed (m/s) 4.7 4.9 5.3 5.1 4.9 4.7 4.7 4.9 4.8 4.6 4.3 4.7
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sFig. 3. Yanbu annual solar radiation.
.  Case  study,  YIC  renewable  energy  laboratory
The renewable energy lab is erected in May 2013. It consists of:
 Photovoltaic cosist of 20 units Polycristaline panels of 4 KW maximum power.
 Horizontal axis wind turbine of 3 KW maximum power at 12 m/s wind speed, mounted on a tower of 8 meters height.
 Fuel Cell PEM type, 1.2 KW with maximum 60 A output.
 Electolizer and six hydrogen storage tanks.
 Suitable inverter rating for each of the three components.
.1.  System  implementation  using  HOMER  software
HOMER is a computer software developed by National Renewable Energy Laboratory (NREL) in 1993. It helps in
omparing, analyzing and optimizing design options of renewable energy systems.
.2.  Yanbu  renewable  energy  resources
Yanbu solar and wind speed energy resources are given below in Tables 1 and 2 and Figs. 3 and 4. The solar radiation
aries between 4.15 kwh/m2/day in December and 7.45 kwh/m2/day in June with annual average of 5.95 kwh/m2/day.
hile, Yanbu wind speed varying between 4.3 m/s in November and 5.3 m/s in March with annual average of 4.8 m/s.
n the other hand, Fig. 5 demonstrates the wind turbine output power curve.
The lab is supplied by a wind turbine Generic 3 KW. The generated power versus wind speed curve is demonstrated
y Fig. 6. In the other hand, Fuel cell is operating during peak loads only.
The chosen wind turbine is suitable for wind speeds level much higher than wind speeds in Yanbu to deliver suitable
utput power values. The main objective of this system is educational purposes and awareness for the society, so the
ystem is not working as an optimal generating unit.
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Fig. 4. Yanbu wind resources.Fig. 5. Wind turbine output power/wind speed.
4.3.  Simulation  results
To reduce the cost as maximum as possible, the electric grid is utilized instead of storage systems. In the new
renewable energy education and awareness laboratory, all options of renewable energy are available, three systems
are chosen to estimate the feasibility of renewable energy application cost in Yanbu environment. The three proposed
systems are simulated using HOMER software for optimal sizing to minimize system cost.
The proposed systems to be compared are:
1. PV alone (PV).
2. PV-wind (PV-W).
3. PV-wind-fuel cell (PV-W-FC).
4.3.1. Load  and  resources
The three systems are assumed to supply the load of YIC renewable energy (RE) lab consumption, besides irrigation
pumping load for the surrounding area. The load curve is given by Fig. 6. The lab is illuminated by led saving lamps
with irrigation pump of 1 KW with some other accessories.
Fig. 6. RE laboratory load curve.
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Fig. 7. The cash flow summary of system I.
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.4.  System  (I)  PV  only
The PV panels are used to supply the load during day time, while grid supplies during night. The cost of PV panel,
nd inverter including replacement and running cost are considered. The system simulation in HOMER is simulated
s a subsystem with case II shown in Fig. 9.
The cost of energy (COE) of system (I) is found to be 0.362 $/kwh.
Fig. 7 Shows the cash flow of the system components, with considerable high cost of inverter due to cost of
eplacement, maintenance and operation which has a considerable high cost value in small systems.
.5.  System  (II)  PV-  Wind
The second system is composed of a hybrid PV and wind grid connected systems with same ratings detailed before.
fter the system simulation shown in Fig. 8, it is found that PV share was 49% of total energy supplied, while wind
nergy shared by 34% of the total energy and the national grid supplies the residual energy 17%.
The COE with this system is 0.492 $/kwh, which is slightly higher than system (I). This is due to Yanbu annual average
ind speed is 4.8 m/s which is not suitable to generate the expected power output of wind turbine under consideration
Generic 3 KW). The optimum wind speed range for this wind turbine type is between 8 and 12 m/s Fig. 5. Moreover
he wind turbine component replacement cost, maintenance and operation cost is higher when compared to PV alone.
.5.1. System  (III)  PV-Wind-FC
The third system consists of a hybrid system PV panels, wind turbine, fuel cell, elctrolyzer and hydrogen tank.
lectrolyzer is to generate Hydrogen from electricity, to be stored in Hydrogen tanks to feed the fuel cell to generate
lectricity. Fig. 9 explains simply our fuel cell type operation with efficiency curve.
System III, HOMMER simulation model is shown in Fig. 10. Simulation results shows the share of each component
n electricity production in Fig. 11.
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Fig. 9. Fuel cell efficiency.
Fig. 10. HOMER simulation of system III.
Fig. 11. Production of each component in System III.
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Fuel cell system incorporated in system III has extremely high price which raised the energy cost dramatically to
.35 $/kwh. The fuel cell type – with almost 40% efficiency – is now development to reduce its cost with time as
xpected. For education and awareness Laboratory, it is obligatory to study and understand the technology regardless
ts cost.
.  Conclusions
Renewable energy systems with latest technologies and types were summarized. While a case study of Yanbu
ndustrial college (YIC) renewable energy Lab is detailed and studied. This Lab is erected to build RE awarness within
anbu society, besides its research and educational purboses. HOMER software program is used to simulate the system
nd to calculate the energy cost.
Three different system configurations were simulated. They are: 1. PV alone, 2. PV-wind hybrid system and 3.
V-wind-fuel cell. The three systems are compared with respect to their cost of energy. The national grid is connected
o reduce storage systems cost. RE cost in the three systems are 0.36, 0.49, and 7.3 US$L Kwh which are still very
igh to be applied in developing countries when compared to Kwh generated from oil burning. This is due to high cost
f totally imported RE systems without local fabricated system parts.
It is found that PV system alone is the best one with the lowest cost of energy due to the high irradiation solar level
n Yanbu. On the other side, the average annual wind speed resource at site is limited and does not reach the suitable
ange level (8–12 m/s) to operate at optimum wind generation conditions. Also it is remarked from economical study
f cost of each system component that the inverter cost represents a considerable share. This gives the advice to small
esidential remote areas to use DC supply for the most possible applications to reduce inverter size and cost. Moreover,
olar water heater must interfere via governmental laws to superimpose this technique to be utilized which can reduce
everely the cost of electric water heating during winter.
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